A set of polycrystalline TiO 2 photocatalysts loaded with various ions of transition metals (Co, Cr, Cu, Fe, Mo, V, and W) were prepared by using the wet impregnation method. The samples were characterized by using some bulk and surface techniques, namely X-ray diffraction, BET specific surface area determination, scanning electron microscopy, point of zero charge determination, and femtosecond pump-probe diffuse reflectance spectroscopy (PP-DRS). The samples were employed as catalysts for 4-nitrophenol photodegradation in aqueous suspension, used as a probe reaction. The characterization results have confirmed the difficulty to find a straightforward correlation between photoactivity and single specific properties of the powders. Diffuse reflectance measurements showed a slight shift in the band gap transition to longer wavelengths and an extension of the absorption in the visible region for almost all the doped samples. SEM observation and EDX measurements indicated a similar morphology for all the particles, and a not homogeneous distribution of the metal species onto the surface of catalyst particles. The impregnated samples revealed recombination rates always higher than that of bare TiO 2 . The photoactivity of TiO 2 was reduced by the presence of transition metal ions with the exception of W, which instead played a beneficial role. The results of femtosecond pumpprobe diffuse reflectance spectroscopy appear quite in accord with the observed photocatalytic activity only for the lowest values of electron-hole recombination rate of the samples.
Introduction
Doping with suitable transition metal ions allows extending the light absorption of large band gap semiconductors to the visible region. [1] [2] [3] [4] [5] [6] [7] [8] Also, metals belonging to group VIII, as for instance Pd and Pt, have been deposited onto the surface of semiconductors to improve the separation of photogenerated electron-hole pairs. [9] [10] [11] [12] [13] [14] These methods have been used with the aim to enhance the photocatalytic activity both in gas-solid and in liquid-solid systems.
TiO 2 is the most used and popular photocatalyst for various reasons, but unfortunately, although a large shift of light absorption in the visible region has been observed in almost all cases, the presence of dopant metal species has not been reported beneficial when photooxidation reactions of organic substrates in aqueous systems were carried out, [15] [16] [17] [18] with the exception of tungsten ions in particular amounts. 5, 6 Some authors have reported 19 that the recombination rate of the electron-hole pairs increases for chromium-doped TiO 2 with respect to undoped TiO 2 , and others suggest a correlation between the lifetime of the charge carriers and the photocatalytic activity for samples doped with Cr 3+ and Mo 5+ ions. 20 A higher diffusion length of the minority carriers for iron ion doped TiO 2 with respect to undoped TiO 2 has been also determined. 21 The dopants are usually confined as very dispersed species to the surface and/or to a few top layers of TiO 2 particles, due to the moderate calcination temperatures used in the conventional preparations. Very recently 22, 23 the expensive ion implantation method has been used to obtain photocatalysts more active than the corresponding bare TiO 2 . In this case ions are believed to be present in substitutional positions in the lattice of TiO 2 , and a change of the band-gap energy may occur in addition to an extension of light absorption in the visible region. A comparison among the results reported in the literature for doped samples obtained from various preparations is not easy because the experimental conditions under which the runs are carried out and the preparation methods of the samples are usually different. 9 Moreover, it is well known that bare polycrystalline anatase and rutile TiO 2 samples also show very different photoactivities, depending on their electronic and surface physicochemical properties. 9, [24] [25] [26] [27] Nevertheless, it is worth pointing out that the photoactivity cannot be straightforwardly related to only few properties because it depends on all of them. Therefore, to compare the photoactivity of variously doped TiO 2 samples, it would be necessary to use the same bare TiO 2 as the starting material by scrutinizing carefully the various insights deriving from the characterization results and to evaluate their relative importance.
In this paper it is reported the preparation of TiO 2 polycrystalline powders loaded with some transition metal ions (chromium, cobalt, copper, iron, molybdenum, tungsten, and vanadium) by using the incipient wet impregnation method. The samples have been characterized by X-ray diffractometry (Quantronix, 527DP-H). The final output consisting of ca. 100 fs pulses (1 kHz) was split into two beams with almost same the intensities in order to pump two identical optical parametric generation (OPG)/optical parametric amplification (OPA) systems (Light Conversion, TOPAS). One 620-nm output beam was used as a probe beam (1.5 mJ/pulse), and another was frequency-doubled in a BBO crystal to use as a pump beam (0.1-0.03 mJ/pulse). The pump and probe beams were collinearly focused and overlapped at the sample, and the diffusely reflected probe beam was measured in air at ambient temperature. Reflectance data were accumulated and recorded as absorption, (R 0 -R)/R 0 , where R 0 and R are reflection intensity before and after the pump pulse, respectively.
Apparatuses and Procedures for the Photoreactivity Tests. A Pyrex batch photoreactor of cylindrical shape containing 0.5 liters of aqueous suspension was used. The photoreactor was provided with ports in its upper section for the inlet and outlet of gases, for sampling, and for pH and temperature measurements. A 125 W medium-pressure Hg lamp (Helios Italquartz, Italy) was immersed within the photoreactor. The photon flux emitted by the lamp, Φ i ) 13.5 mW cm -2 , was measured using a radiometer (UVX Digital) leaned against the external wall of the photoreactor containing only pure water. Oxygen was continuously bubbled into the suspensions for ca. 0.5 h before switching on the lamp and throughout the occurrence of the photoreactivity experiments. The amount of catalyst used for all the experiments was 1.4 g L -1 , and the initial 4-nitrophenol (BDH) concentration was 20 mg L -1 . The initial pH of the suspension was adjusted to 4.5 by addition of H 2 SO 4 (Carlo Erba RPE), and the temperature inside the reactor was ca. 300 K. The photoreactivity runs lasted 6.0 h, including the first half hour during which the lamp was switched off. Samples of 5 mL volume were withdrawn from the suspensions every 30 or 60 min, and the catalysts were separated from the solution by filtration through 0.45 mm cellulose acetate membranes (HA, Millipore). The quantitative determination of 4-nitrophenol was performed by measuring its absorption at 315 nm with a spectrophotometer Beckman DU 640. Total organic carbon (TOC) determinations were carried out by using a TOC 5000 A Shimadzu analyzer.
Results
X-ray Diffraction Analysis. The XRD patterns of TiO 2 HP showed a mixture of anatase and rutile 33 in the ratio of ca. 4:1, determined by the intensities obtained from the areas of the most intense diffraction peaks due to these two modifications of titania. 34 This composition remained constant after a further thermal treatment for 24 h at 773 K.
The diffraction patterns of the doped powders were almost coincident with those of TiO 2 HP. As shown in Figures 1 and  2 , only the diagrams of a few samples with the highest metal content (TiO 2 /Co/5, TiO 2 /Cu/5, and TiO 2 /W/5) showed very small peaks attributable to separate oxide phases, in addition to the lines of TiO 2 . In particular, the diffractogram of TiO 2 / W/5 revealed clearly weak peaks corresponding to the monoclinic WO 3 phase. 35 The intensity of the peaks of rutile decreased in the presence of Cr (diffractogram not shown for the sake of brevity) and increased if the samples contained Co or Cu. As revealed by Figure 2 , the Fe-doped specimen presented less anatase than the bare TiO 2 , while the peaks of TiO 2 /V/5 were narrower than those of the TiO 2 precursor.
Diffuse Reflectance Measurements. Visible-ultraviolet spectra of loaded and bare TiO 2 were obtained by diffuse reflectance spectroscopy. Representative examples are given in Figure 3 . The spectra of the loaded samples showed a slight shift in the band gap transition to longer wavelengths, the extent depending on the amount of metal loading. The absorbance in the visible region was always higher than that of TiO 2 and, in particular, the most pronounced effect occurred in the case of the co-loaded powders. The spectra of the samples containing tungsten were little affected by the presence of the loading metal.
Specific Surface Area Measurements and Scanning Electron Microscopy Observations. The specific surface areas of the various samples are reported in Table 1 . The areas of the powders loaded with Co, Cr, Fe, Mo, and W ions were very similar to that of TiO 2 , especially for low contents of metal. As the amount of metal increased, the specific surface areas decreased. This effect was significantly evident for the TiO 2 / Cu and TiO 2 /V samples, and in particular the surface areas of TiO 2 /Cu/5 and TiO 2 /V/5 were ca. 30% lower than that of TiO 2 HP. The areas of the various Mo-TiO 2 samples were practically identical to each other. The SEM micrographs did not reveal significant morphological differences among TiO 2 HP and the loaded samples. The biggest particles appeared as aggregates with irregular shapes and sizes ranging between 20 and 100 µm. EDX analyses indicated that the mean atomic percentages of the various metals were quite similar to the nominal values with the exception of the V-and Mo-TiO 2 samples. In particular the percentages of vanadium were significantly lower than the nominal content, while those of Mo were always higher.
In all the samples, the distribution of loading metal on the single particles was not homogeneous and noticeable variations in the metal content were found in different particles or in different locations of the same particle.
Point of Zero Charge Measurements. The point of zero charge of the powders was estimated by using the method of mass titration, 30 which is an alternative to the widely used acid/ base titration, 36, 37 or to the pH drift technique. 37 The pH of the aqueous suspension of an oxide depends on the amount of oxide in a given volume of water, and the suspension pH often reaches a steady-state value after addition of excess solid: this limiting pH can be considered a reasonable estimate for the pzc of the oxide. 31 The procedure is to find the equilibrium pH where the addition of further amounts of oxide into the fresh solution does not affect the pH of the solution. Figure 4 shows typical plots of pH versus mass percentage of oxide for TiO 2 HP and the powders loaded with Cr. The plateau in the mass titration curve is the pH corresponding to the pzc of the sample. Similar curves were obtained for all the samples.
The points of zero charge of the various powders are reported in Table 1 . The value found for TiO 2 is in good agreement with those determined by other procedures. 31 However, it is worth noting that the differences found in the literature for similar samples can be due to specific adsorption of ions on the TiO 2 surface or to the presence of significant amounts of impurities in the oxide that contaminate the solid surface leading to a shift in the pH pzc . 38 The pzc values were plotted against the content of loading metal. As shown in Figure 5 , the pzc of Cr, Mo, V, and W-loaded TiO 2 moves to a lower pH as the content of metal increases. In particular, for the Cr-loaded samples the equilibrium pH values are quite low, and an amount of ca. 0.3% of metal is enough to decrease the pzc of TiO 2 HP from 7.1 to 3.6. On the contrary, for Co, Cu, and Fe-doped TiO 2 , the pzc moves to a value more basic than that of the support.
Femtosecond Pump-Probe Diffuse Reflectance Spectroscopy. As already proven for TiO 2 powders and colloids, 39, 40 the decay kinetics of photoexcited electrons trapped in surface sites reflects the recombination of electrons and positive holes. Femtosecond diffuse reflectance spectroscopy allows analyzing the charge recombination kinetics in the ultrafast time region. 40, 41 Figure 6 shows representative time profiles of various samples. The pump beam of wavelength at 310 nm induces a very rapid (< ca. 250 fs) rise of absorption at 620 nm, which is followed by a gradual decay. The latter decay part can be simulated on the assumption of a second-order kinetics of electron-hole recombination in the ps time scale. 42 The analysis of the decay curves allows estimating the rate constants of charge recombination, k r (cm 3 ps -1 ), which are summarized in Table 1 . 14 In Figure 7 the k r values are plotted versus the content of loading metal. As reported previously, 14 Photoreactivity Results. The apparent kinetics of disappearance of 4-nitrophenol was followed by determining the concentration of the substrate at various time intervals. Figure 8 shows representative results for samples loaded with variable amounts of molybdenum.
Time required for the complete phototransformation of the substrate depended on the employed sample. Figure 9 summarizes the results of 4-nitrophenol oxidation in the presence of powders having the same percentage of different metals. The values of the initial zero order reaction rates, r 0 and r′ 0 , of all the samples are reported in Table 1 . Here, r′ 0 is defined as a zero-order rate constant divided by the BET surface area of the sample. Figure 10 shows plots of r′ 0 as a function of the amount of transition metal loading. Only the samples loaded with tungsten have r′ 0 values comparable or higher than that of the pure substrate, TiO 2 HP, with an optimum concentration for TiO 2 / W/1. All the other samples show reaction rates rather lower than that of TiO 2 HP, with the exception of TiO 2 /Mo/1, the value of which was quite close to that of the support. The powders containing Co, Fe, and V revealed a very scarce photoreactivity and, in particular, the Cr-loaded samples were the least active.
The TOC results after 3 h of irradiation have shown that 4-nitrophenol is completely photodegraded when the bare TiO 2 is used, whereas it is scarcely mineralized in the presence of most of the loaded samples. The extent of mineralization decreases by increasing the content of transition metal.
High mineralization percentages (85-95%) were obtained by employing TiO 2 /W/0.3, TiO 2 /W/1, and TiO 2 /W/2, while a percentage of only ca. 27% was observed for TiO 2 /W/5. It is worth noting that 4-nitrophenol was negligibly mineralized in the presence of TiO 2 /Mo/2 and TiO 2 /Mo/5. Figure 11 shows the correlation between the initial reaction rates of the various samples and the values of k r, determined by femtosecond pump-probe diffuse reflection spectroscopy. The k r values were determined in air, but, as previously reported 41 Although the plot of Figure 11 is fairly scattered, it can be noticed that, by increasing k r , the rate of 4-nitrophenol disappearance first significantly decreases and then becomes practically constant.
Discussion
The characterization of catalysts prepared by impregnating crystalline TiO 2 powders with various transition metal ions has shown that the photocatalytic behavior of the samples is determined by many physicochemical and intrinsic electronic factors that are difficult to be correlated.
The addition of species of transition metals to polycrystalline TiO 2 is generally detrimental for the photooxidation of organic compounds in solid-liquid reactions. 9 Nevertheless, Hoffmann et al. 43 studied the role of 21 metal ion dopants in quantumsized TiO 2 and reported that doping with Fe 3+ , V 4+ , and Mo 5+ at 0.1-0.5 atom % significantly enhanced the photoreactivity both for the oxidation of CHCl 3 and the reduction of CCl 4 , while Co 3+ decreased the photoreactivity. Likewise, Grätzel and Howe 44 found that doping colloidal TiO 2 particles with Fe, V, and Mo, drastically increased the lifetime of the hole-electron pairs generated by band gap irradiation.
The difference between the photocatalytic behavior of crystalline powders and colloids is not surprising since their surface chemistry is not identical, and furthermore, irradiation of the powders is much less optically efficient because of a more extensive light scattering by the large particles. 44 The photoreactivity of doped quantum-sized TiO 2 appears to be a complex function of the dopant concentration, the energy levels of dopants within the TiO 2 lattice, their d electronic configuration, and the distribution of dopants. 43 The photoactivity of the crystalline powders depends not only on their electronic properties but also on many other factors such as the particle size distribution, the texture, the type of pores present, the different hydroxylation of the surfaces, the acid-base properties, the amount of adsorbed reactant species, etc.
The XRD and SEM results of this work have shown that no significant variations of the structural and morphological habit of the loaded samples compared with the bare TiO 2 can be invoked to explain the observed different photoactivities. The lack of appreciable peaks due to metal oxides in the diffractograms indicates a high degree of dispersion of the loaded metals onto the support, probably because the calcination temperature of the samples is too low to permit the formation of "bulk" oxides.
The presence of small signals attributable to WO 3 in the TiO 2 / W/5 sample seems at variance with results reported in previous works claiming that peaks of WO 3 can be observed only for samples containing more than 8 atom % W. 6, 45 Regardless, the different amount of metal necessary to detect crystalline WO 3 can be ascribed to the nature of the titania support (TiO 2 HP instead of TiO 2 Degussa P-25) 45 or to the different method used for the preparation of the samples. 6 The importance of the support is confirmed by the diffractogram of the sample TiO 2 /Fe/5, which reveals an anatase/rutile ratio lower than that of bare TiO 2 HP both in its calcined and original forms. This indicates that the starting matrix is modified by the presence of iron as reported also by Navio et al. 46 The incorporation of iron should not catalyze the anatase-to-rutile transformation, at least up to 550°C 16 but, actually, the ease of phase transformation depends on the nature of the TiO 2 precursor. 47 The narrow peaks shown by the diffractogram of TiO 2 /V/5 suggest an improved crystallization of the powder due probably to an easy diffusion of vanadium ions into the top layers of the support and/or an increase of the particle size. These observations are consistent with the values of surface area of TiO 2 /V/2 and TiO 2 /V/5, which are low in comparison with most of the other samples.
The specific surface areas of the various samples decrease with increasing the metal loading in the powders, and this effect could be attributed to the obstruction of the pores of the support by metal species. The decrease in area could also originate from a coalescence process since sintering is favored by the presence of dopants. 6, 46 EDX measurements indicate a large scattering of data depending on the location in a single particle, and this insight is in agreement with the above picture. The metal surface composition is generally higher than the nominal one, indicating an enrichment of metallic species on the surface due to an imperfect diffusion of metal ions at the low temperature of preparation, and this is particularly evident for the samples containing molybdenum. On the contrary, the EDX figures are always lower than the nominal ones in the case of the V-loaded samples.
The acidic properties of a metal oxide play an important role in determining its adsorptive and catalytic properties. In dilute binary oxides the major component controls the oxide structure and the dopant surface concentration controls the number of new acid sites. 48 FTIR spectra of ammonia adsorbed on some metal doped titania catalysts have provided evidence of the presence of both Brønsted and Lewis acid sites on the surfaces of the samples. 6, [49] [50] [51] [52] [53] The Brønsted sites are associated with the presence of the transition metals since they are not detected in pure titania, [54] [55] [56] and moreover their concentration generally increases as the metal content increases.
The position of the symmetric deformation bands of coordinately adsorbed ammonia has been related to the strength of the surface Lewis acid sites. [57] [58] [59] By comparing the results obtained in previous studies [52] [53] [54] [55] the following variation in surface acidity has been proposed:
A similar trend had been previously found for the Brønsted acidity. 60 The hydrated surface of an oxide exhibits ion exchange properties and there is a correlation between ion exchange capacity and the net surface charge carried by the oxide. 61 An index of the propensity of a surface to become either positively or negatively charged as a function of pH is the point of zero charge which is the value of pH required to give zero net surface charge.
As shown in Figure 4 for the TiO 2 /Cr samples, the pzc varies systematically in accordance with the relative content of transition metal. The sequence of the points of zero charge matches rather well with the surface acidity of the samples.
The pzc values of the samples containing Mo, V, and W decrease significantly with increasing the metal content, indicating a surface enrichment of species with an acid behavior as MoO 3 , V 2 O 5 , or WO 3 . For the Cr-loaded samples, 0.3 atom % of metal is sufficient to modify strongly the pzc of TiO 2 from 7.1 to 3.6, suggesting the presence of CrO 3 on the surface of the support. As confirmed by XPS studies, 50 the incorporation of appreciable amounts of chromium leads to the formation of surface Brønsted acid sites (Cr 6+ -OH) whose concentration increases with the chromium content. Probably, the diffractograms of the TiO 2 /Cr samples do not reveal any chromium TiO 2 /W > TiO 2 /Mo > TiO 2 /V > TiO 2 compound since they are amorphous and/or randomly spread out on the surface of TiO 2 (no evidence of Cr 2 O 3 crystallites exists). 15 The results of 4-nitrophenol photodegradation have shown that loading TiO 2 with Co, Cr, Cu, Fe, Mo, and V causes a decrease of the TiO 2 HP photocatalytic activity, and this effect was more significant as the amount of loaded metal increased. The samples containing tungsten revealed reaction rates higher than that of pure TiO 2 , with a maximum between 1 and 2 atom % and a slightly lower photoactivity for TiO 2 /W/0.3. These results are in agreement with previous studies performed by using powders prepared by the sol-gel method 6 or by wet impregnation of P-25 Degussa TiO 2 . 45 Similarly Wold et al. 5, 62 reported a beneficial effect of the presence of tungsten and molybdenum in TiO 2 for the photodegradation of 1,4-dichlorobenzene in aqueous medium.
The photoactivity of the powders roughly decreases according to the following sequence:
The acid-base properties of the powders do not strictly correlate with the photoactivity, but they could influence the extent of adsorption of the reacting species on the surface and consequently the photoreactivity. Wold et al. 63 found a relationship between the surface acidity of WO 3 /TiO 2 and MO 3 /TiO 2 catalysts and their resulting photoefficiency. For these systems, increasing the content of the transition metal increased total acidity. This was attributed to an excess of positive charge caused by the addition of a higher valence cation, such as W 6+ or Mo 6+ , on the surface of TiO 2 .
For our samples, some general considerations can be done by carefully scrutinizing the pzc values. The surface of the loaded samples with pzc > 4.5, i.e., the pH at which the photoreactivity runs were carried out, acquires an excess of positive charge due to the neutralization of basic sites. On the contrary, when pzc < 4.5, the surface acquires an excess of negative charge due to the neutralization of acidic sites. By the observation of Table 1 it can be noted that the photoactivity of the loaded samples decreases when the pzc is sensibly different from the pH value of 4.5.
The differences in photoactivity between TiO 2 and loaded samples can be also attributed to other characteristics such as the larger particle size or the lower anatase/rutile ratio. Powders with more rutile, such as the TiO 2 /Fe samples, could be less active due to the dehydroxylation caused by the anatase-to-rutile phase transformation since dehydroxylation reduces hole trapping by surface hydroxyls, enhancing recombination and oxygen or organic species adsorption. A decrease in the specific surface area can also affect the photoactivity.
The recombination of photogenerated electrons and holes is one of the most significant factors that influence the photoactivity of the samples. The analysis of the decay profiles obtained by femtosecond pump-probe diffuse reflectance spectroscopy indicates that metal loading increases the rate constants of e --h + recombination. The value of k r markedly increases even at low loading level (0.3%) and furtherly increases along with the amount of transition metal. 14 The sequence of the photoactivities of the various samples is quite in agreement with the values of k r except for the TiO 2 /Cr samples, which have recombination rates intermediate between those of the samples TiO 2 /W and TiO 2 /Cu. Figure 11 suggests that the net activity of 4-nitrophenol photodegradation is dominated by the electron-hole recombination rate when the k r values are relatively low (k r < 3 cm 3 ps -1 ), whereas the reaction rate becomes independent of k r when the recombination of the photogenerated pairs is too fast. Obviously the photocatalytic activity of the doped samples is also governed by many other factors, and this justifies also the scattering of the data.
The presence of metal ions does not modify the position of the valence-band edge of anatase which corresponds to the energy of the photogenerated holes and whose value is sufficient to oxidize most organic substrates. This means that bare TiO 2 has the essential conditions for the occurrence of 4-nitrophenol photooxidation because of its suitable oxidation potential and efficient charge separation. Loading influences detrimentally the photoreactivity because it increases the recombination rate of the hole/electron pairs and sometimes modifies unfavorably the diffusion length (l) of the minority carriers. In particular, TiO 2 has l ) 1 µm, and Cr and V doping lowers respectively the diffusion length to 0.2 and 0.1 µm. 21 Fe and Co give values of 2 µm 21 but, in any case, their presence reduces the photoactivity of TiO 2 .
The diffuse reflectance spectra reveal a red shift in the band gap transition, which can be explained by the introduction of energy levels of the transition metal ions into the band gap of TiO 2 . 43 Mizushima et al., from optical absorption data and photocurrent measurements, calculated the impurity levels of some iron-group ions in rutile. 64 The presence of such levels was invoked by Grätzel and Howe 44 to explain the role of Fe, V, and Mo on the photoreactivity of TiO 2 colloids.
According to Hoffmann et al., 43 the presence of energy levels below the conduction band edge and above the valence band edge influences the photoreactivity of TiO 2 since the metal ions can act as electron (or hole) traps altering the electron-hole pair recombination rate. Anyway, these considerations are once more valid for colloid particles where, due to the lack of appreciable band bending, both electrons and holes are readily transferred to the interface to initiate the photoreaction. In large particles the dopants are isolated far from the surface with a low chance of transferring trapped charge carriers to the interface and therefore the metal ions act more likely as recombination centers than as trap sites. 47 Dopants can affect negatively the photoreactivity of TiO 2 , changing the number of active sites, the type or surface groups, and the acid-base properties. The different behavior of the various samples is also related to the solubility of the transition metal in the support, which depends strongly on the radius and the charge of the corresponding ion. Any variation in the electronic structure of the surface is reflected in the adsorption characteristics.
Chromium is the worst dopant among the various metals not only because of its low hole diffusion length 21 but also because the presence of Cr 3+ ions in lattice positions displacing Ti 4+ ions introduces electron-acceptor levels positioned about 0.5 eV over the value of the valence band edge. 65 These acceptors are responsible for the decrease in photoconductivity of TiO 2 at every wavelength, 19 since they work as traps for the electrons produced under irradiation.
The Fe-TiO 2 and Co-TiO 2 samples exhibit similar photoactivity, and this seems justifiable since the two metals belong to the same group VIII and have practically the same values of ionic radius (r Fe 3+ ) 64 pm, r Co 3+ ) 63 pm). On the other hand, the pzc values of the samples containing the same metal loading are very close, and the diffusion length of the holes is the same both for the samples loaded with Fe and for those loaded with Co. 21 TiO 2 /W > TiO 2 /Mo >TiO 2 /Cu > TiO 2 /Fe ∼ TiO 2 /Co > TiO 2 /V >TiO 2 /Cr
The W-loaded samples are more photoactive than the bare TiO 2 with the exception of TiO 2 /W/0.3. These results are in agreement with those obtained previously using impregnated 45 and sol-gel prepared powders. 6 The beneficial effect of W has been explained 5, 66 by considering the formation of W(V) species by means of a transfer of photogenerated electrons from TiO 2 to W(VI). Subsequently W(V) could be oxidized to W(VI) by transferring electrons to adsorbed O 2 . 6 The X-ray results have indicated the presence of small amounts of WO 3 on the surface of the catalysts. The localized heterojunctions formed by the contact between two chemically distinct phases and/or the interface acceptor states can improve the separation of the photogenerated pairs and, consequently, could be responsible for the observed higher photoactivity. 6 It cannot be excluded that tungsten species in the TiO 2 lattice could act as recombination centers for the electron-hole pair recombination according to the following reactions:
These reactions are in competition with the redox processes that can occur at the solid/liquid interface and could play a significant role for the lightest loaded sample, TiO 2 /W/0.3, negatively influencing its photoactivity. 6 Although the k r or pzc values (see Table 1 ) cannot justify the enhanced observed photoactivity since all the properties contribute on various extent to it, it is worth noting that the k r values of the TiO 2 /W powders are not too high compared with that of the support. Moreover, TiO 2 /W/1, which exhibits the highest photoreactivity, presents one of the lowest k r values among all the loaded samples. As far as the pzc values are concerned, TiO 2 /W/0.3 and TiO 2 /W/5 have k r values comparable with those of the other W-loaded samples, but their point of zero charge is somewhat different from 4.5 and this could justify their lower photoactivity.
As regards the mineralization of 4-nitrophenol, the TOC determinations have revealed that the bare TiO 2 is more efficient than each of the loaded samples. The explanation could be found in a less significant interaction between the surface of the loaded catalysts and the intermediate species produced during the reaction of photodegradation.
The negligible extent of mineralization observed in the presence of TiO 2 /Mo/2 and TiO 2 /Mo/5 could be ascribed to the relatively slight tendency of molybdenum to diffuse into the TiO 2 lattice, as suggested by the EDX measurements, which have revealed amounts of metal higher than the nominal values. The presence of molybdenum surface species could not favor the photoabsorption of the reacting species and a similar interpretation can be valid also for TiO 2 /W/5. The low mineralization percentage obtained with this last W-loaded sample can be attributed to a high coverage of the surface of TiO 2 particles with "bulk" WO 3 .
It is worth noting that doped TiO 2 samples can show different efficiency with respect to the photodegradation of different substrates. For example, the presence of molybdenum species has been found beneficial for the photocatalytic activity of TiO 2 in the oxidation of 1,4-dichlorobenzene, 62, 63 different from what was observed in the case of 4-nitrophenol.
The apparent contrasting results obtained with the samples containing vanadium, i.e., slight photoactivity and relatively low amounts of metal species present on the surfaces, suggest that the physicochemical surface characteristics play a role that is less important than the other physical and intrinsic electronic factors. 
